Nematode mitochondria expresses two types of extremely truncated tRNAs that are specifically recognized by two distinct elongation factor Tu (EF-Tu) species named EF-Tu1 and EF-Tu2. This is unlike the canonical EF-Tu molecule that participates in the standard protein biosynthesis systems, which basically recognizes all elongator tRNAs. EF-Tu2 specifically recognizes Ser-tRNA Ser that lacks a D arm but has a short T arm. Our previous study led us to speculate the lack of the D arm may be essential for the tRNA recognition of EF-Tu2. However, here, we showed that the EF-Tu2 can bind to D arm-bearing Ser-tRNAs, in which the D-T arm interaction was weakened by the mutations. The ethylnitrosourea-modification interference assay showed that EF-Tu2 is unique, in that it interacts with the phosphate groups on the T stem on the side that is opposite to where canonical EF-Tu binds. The hydrolysis protection assay using several EF-Tu2 mutants then strongly suggests that seven C-terminal amino acid residues of EF-Tu2 are essential for its aminoacyl-tRNA-binding activity. Our results indicate that the formation of the nematode mitochondrial (mt) EF-Tu2/GTP/aminoacyl-tRNA ternary complex is probably supported by a unique interaction between the C-terminal extension of EF-Tu2 and the tRNA.
INTRODUCTION
In the elongation cycle of protein biosynthesis in bacteria and eukaryotic organelles, one of the most essential steps is the formation of an active ternary complex between elongation factor Tu (EF-Tu), aminoacyl-tRNA (aa-tRNA) and GTP, after which the aa-tRNA is delivered to the ribosomal A-site (1, 2) . The canonical EF-Tu molecule associates with all kinds of elongator aa-tRNAs, except for selenocysteinyltRNA, by recognizing the acceptor and T stems (3) (4) (5) . Canonical EF-Tu consists of three domains. The crystal structure of the ternary complex showed that GTP binds to domain 1, that the aminoacyl-group and the acceptor stem of aa-tRNA are sandwiched between domains 1 and 2, and that the T stem of aa-tRNA interacts with domain 3 (3, 4) . This aa-tRNArecognition mechanism is highly conserved among bacterial EF-Tu. However, there are a few exceptions. Elongation factor SelB, which binds to selenocysteinyl-tRNA Sec and delivers it to the ribosome (6), possesses not only the three N-terminal domains homologous to EF-Tu but also a C-terminal domain 4 which recognizes a specific mRNA structure (7) . The crystal structure of SelB/GppNHp suggested that it may recognize the extra long acceptor stem of tRNA Sec (8) , although SelB binds to the acceptor and T stems of tRNA Sec , like EF-Tu. Other exceptions have been found in nematode mitochondria as described below.
It is known that a variety of mitochondrial (mt) tRNAs encoded by metazoan mtDNA lack some parts, although almost all tRNAs in prokaryotes and the eukaryotic cytoplasm have a conserved cloverleaf secondary structure (9) . One of the most extreme cases of these variant tRNAs occurs in nematode mitochondria. The nematodes Caenorhabditis elegans, Ascaris suum and Onchocerca volvulus have two structurally distinct types of tRNA, one that lacks a T arm (20 tRNA species), and the other that lacks a D arm but bears a short T arm (two tRNA Ser s) (10) (11) (12) . Previously, we found that these two types of truncated tRNAs in C.elegans are specifically recognized by two distinct EF-Tu species named EF-Tu1 and EF-Tu2 (13, 14) .
EF-Tu1 specifically recognizes the T-armless aa-tRNAs, probably via its 57 amino acid C-terminal extension, which is not seen in canonical EF-Tu molecules (13) . EF-Tu2 also possesses a C-terminal extension, albeit a shorter one consisting of 17 amino acids, but its role is unknown. EF-Tu2 has two unique properties in aa-tRNA recognition: (i) it exclusively recognizes the seryl-moiety of Ser-tRNA, unlike the canonical EF-Tu, which can bind to all 20 amino acids in the aa-tRNAs, and (ii) it is specific for a particular tRNA moiety since it bound only to D-armless Ser-tRNAs among four Ser-tRNAs used in our previous study (14) . In other words, we found EF-Tu2 did not recognize bovine mitochondrial (mt) Ser-tRNA Ser UGA that possesses a D arm, despite its noncanonical secondary structure (15, 16) , which led us to speculate that EF-Tu2 may recognize 'the lack of the D arm'.
Like the C.elegans EF-Tu molecules, mammalian mt EF-Tu also contains a C-terminal extension, albeit one that is only 11 residues long (17). Andersen et al. determined the crystal structure of the mammalian mt EF-Tu/GDP complex (18) and found this C-terminal extension adopts a helical structure. If its position would be maintained in the EF-Tu/aa-tRNA/ GTP complex, it is likely that this helical C-terminal extension would interact with the tRNA (18) . If this speculation is correct, it suggests that the somewhat longer C-terminal extension of EF-Tu2 in C.elegans may also interact with its tRNA species.
Given these observations, we sought to investigate the mechanism by which EF-Tu2 recognizes the tRNA moiety of aa-tRNA. Two specific questions were addressed: (i) What role does the C-terminal extension of EF-Tu2 play in the aa-tRNA recognition by EF-Tu2? and (ii) Is the lack of the D arm in the aa-tRNA essential for this recognition event?
MATERIALS AND METHODS

Preparation of tRNA transcripts
All tRNAs used in this study except for native Escherichia coli tRNA Ser GGA were prepared by in vitro transcription. To generate DNA templates for transcription, primer extension reactions were performed using two primers designed to complement each other at their 3 0 regions ($20 nt). In the DNA templates, the promoter sequence for T7 RNA polymerase is directly connected to the upstream region of the tRNA sequence. The transcription reaction was performed at 37 C for 4 h in a reaction mixture including 40 mM Tris-HCl (pH 8.0), 6 mM MgCl 2 , 5 mM dithiothreitol (DTT), 1 mM spermine, 0.01% Triton X-100, 50 mg/ml bovine serum albumin (BSA), 20 mM GMP, 1 mM each of ATP, GTP, CTP and UTP, 90 mg/ml T7 RNA polymerase and 10 mg/ml template double-stranded DNA. The products were purified by 10% denaturing polyacrylamide gel electrophoresis (PAGE).
Preparation of aa-tRNAs
All tRNAs used in our study were charged with serine using bovine mt SerRS (19) . The reaction was performed at 37 C for 30 min in a reaction mixture that contained 100 mM HEPES-KOH (pH 7.8), 15 mM MgCl 2 , 60 mM KCl, 2 mM ATP, 5 mM DTT, 40 mM [ 3 H] L-serine (74 GBq/mmol), 320 mg/ml bovine mt SerRS and 0.2-0.5 A 260 U of tRNA. The serylated tRNA was purified as described (13) and finally dissolved with 6 mM KOAc (pH 5) at a concentration of 2 mM. The concentration of Ser-tRNA was estimated from the labeled amino acids incorporated into the tRNA.
Hydrolysis protection assay
The assay was basically performed according to (13) and (20) . The deacylation reaction mixture contained 75 mM Tris-HCl (pH 7.5), 75 mM NH 4 Cl, 15 mM MgCl 2 , 7.5 mM DTT, 60 mg/ml BSA, 0.1 mM GTP, 2.375 mM phosphoenolpyruvate, 2.5 U/ml pyruvate kinase, 1.2 mM EF-Tu and 0.2 mM Ser-tRNA. The reaction mixture was preincubated at 30 C for 10 min without Ser-tRNA, after which Ser-tRNA was added. The deacylation reaction was performed at 30 C.
Modification interference assay using ethylnitrosourea (ENU)
The 5 0 32 P-labeled tRNAs were prepared as described (21) and purified by 10% denaturing gel electrophoresis. The phosphate backbone of the tRNA was ethylated with ENU according to (19, 22, 23) and the modification interference assay using ENU was performed according to (24, 25) with slight modifications. The overall scheme of this assay is shown in Figure 1A . Ser-tRNA was ethylated at 37 C for 30 min in a 25 ml reaction mixture that contained 30 mM sodium cacodylate (pH 7.4), 0.2 mM EDTA, 80 mg/ml 5 0 -labeled Ser-tRNA and 0.2 vol of saturated ENU (in ice-cold ethanol solution). In the control experiment without ethylation, ethanol substituted for the ENU solution. The alkylated Ser-tRNAs were mixed with EF-Tu on ice for 10 min in a reaction mixture containing 50 mM Tris-HCl (pH 7.6), 65 mM NH 4 OAc, 10 mM Mg(OAc) 2 , 15 mM EF-Tu/GTP and 80 mg/ml ethylated or unethylated Ser-tRNA. The mixture was loaded onto a 5% polyacrylamide gel containing 50 mM Tris-HCl (pH 7.6), 65 mM NH 4 OAc, 10 mM Mg(OAc) 2 , 1 mM EDTA, 1 mM DTT and 10 mM GTP, and PAGE was performed at 4 C for 1.5 h (50 mA) to separate the EF-Tu/GTP/Ser-tRNA ternary complex from free Ser-tRNA. The ternary complex and free Ser-tRNAs were then eluted from the gel. Each tRNA was extracted from the eluate with phenol/chloroform/isoamylalcohol (25:24:1) and collected by ethanol-precipitation. Each tRNA was further purified to remove deacyl tRNA by subjecting it to electrophoresis on a 7.5% denaturing polyacrylamide gel containing 0.1 M NaOAc (pH 5.0). Each tRNA was cleaved at its ethylated position at 65 C for 8 min in a reaction buffer containing 100 mM Tris-HCl (pH 8) and 7 M urea and then analyzed by 15% denaturing PAGE.
Preparation of C.elegans mt EF-Tu2 mutants
Vectors expressing the EF-Tu2 mutants were prepared using the pET-15b (Novagen)-derived expression vector encoding N-terminal His-tagged C.elegans mt EF-Tu2 (14) . The mutations were introduced by employing the Stratagene QuikChange site-directed mutagenesis protocol and the primers as shown in Table 1 . The sequences of the mutated plasmids were confirmed by using an ABI prism 310 Genetic Analyzer. Rosetta (DE3) E.coli cells were transformed with the plasmids and the expressed recombinant proteins were purified as described (13). Residues on the tRNA are numbered according to the numbering rule as described (30) . (C) and (D), autoradiographs of the ENU-modification interference assay using bovine mt EF-Tu (C) and C.elegans mt EF-Tu2 (D) (left). Lanes: G, RNase T 1 ladder; Al, alkaline ladder; all, free and complex, ENU-modified Ser-tRNA, the Ser-tRNA free from EF-Tu, and the Ser-tRNA in the ternary complex, respectively, as shown in Figure 1A ; ENU + or À the Ser-tRNA with or without ENU modification. 
RESULTS
EF-Tu2-binding sites on D-armless tRNA
To delineate where on the D-armless Ser-tRNA the C.elegans mt EF-Tu2 binds, the phosphate groups on the Ser-tRNA backbone were randomly ethylated by ENU and the ENUmodification interference assay was performed ( Figure 1A ). The basis of this experiment is that EF-Tu cannot bind to Ser-tRNA if it bears ethyl modifications at phosphodiester bonds at site(s) necessary for EF-Tu binding. In this experiment, D-armless bovine mt tRNA Ser GCU ( Figure 1B ) was used as a substitute for the native nematode mitochondrial (mt) tRNA Ser molecule because the ternary complex formed by EF-Tu2, GTP, and the native nematode mt Ser-tRNA
Ser cannot be clearly observed on a gel (although EF-Tu2 does bind to nematode mt Ser-tRNA Ser , as shown in Figure 4 ). Acid PAGE analysis showed that $38% of the aminoacyl-tRNA was deacylated during the ethylation reaction. To compare the ethylated positions of Ser-tRNA bound to EF-Tu to those of free Ser-tRNA without interference from deacyl-tRNA, deacyltRNA was removed from the free Ser-tRNA fraction by acid PAGE as described in Materials and Methods. Control experiments using bovine mt EF-Tu and Thermus thermophilus EF-Tu were also performed. Figure 1C shows that ethylation of the 3 0 -phosphates of U52, A53, G65 and C66 on the tRNA interfered with the binding of the bovine mt EF-Tu. Quite similar results were obtained for T.thermophilus EF-Tu (Supplementary Figure 1) . These positions are the binding sites of canonical EF-Tu molecules, as has been shown previously by co-crystallographic analysis of Thermus aquaticus EF-Tu and aa-tRNA (3, 4) . With regard to C.elegans mt EF-Tu2, however, while the 3 0 -phosphate of G65 was important for its binding to D-armless bovine mt Ser-tRNA Ser GCU , the 3 0 -phosphates of C49 and C50, with which normal EF-Tu cannot interact, were also important ( Figure 1D ). These results indicate that C.elegans mt EFTu2 possesses a unique aa-tRNA recognition mechanism that differs from that employed by canonical EF-Tu molecules.
Structural features of tRNA that are essential for recognition by EF-Tu2
Our previous studies showed that EF-Tu2 bound to D-armless Ser-tRNAs but not to bovine mt Ser-tRNA Ser UGA possessing a D arm (14) . Thus, we speculated that either 'the lack of the D arm' or 'the region normally hidden by the D arm' may be an essential structural feature of the tRNA that is recognized by EF-Tu2. (Also possibly contributing to the inability of EFTu2 to recognize bovine mt tRNA Ser UGA is its unusual secondary structure (15, 16) ). In this study, we confirmed that EF-Tu2 cannot bind to D arm-bearing Ser-tRNA by using native E.coli tRNA Ser GGA as a standard cloverleaf-structured tRNA (Figure 2A ). However, unmodified E.coli Ser-tRNA Ser GGA ( Figure 2F ) was weakly recognized by EF-Tu2 ( Figure 2B ), implying that EF-Tu2 does not recognize 'the lack of the D arm' (i.e. the D arm-replacement loop). Therefore, 'the region normally hidden by the D arm' of tRNA is most likely a unique recognition site for EF-Tu2. To test this, we prepared E.coli tRNA Ser GGA mutants lacking the tertiary interaction between positions 15 and 48, which is near the unique binding positions of EF-Tu2 (positions C49 and C50, as shown in Figure 1 ). This tertiary interaction is known to be conserved among most tRNAs. The G15-and C48-deletion mutants of the tRNA bound strongly to EF-Tu2 ( Figure 2C and D, respectively) despite possessing a D arm. The E.coli tRNA Ser GGA mutant whose G15 residue was replaced with A was also strongly recognized by EF-Tu2 ( Figure 2E ). These results support the notion that EF-Tu2 does not recognize 'the lack of the D arm'. Rather, since EF-Tu2 binds to tRNA mutants lacking the 15-48 interaction, it seems to recognize a region that is normally hidden by this interaction. We also tested the G17C and G18A mutants of tRNA Ser GGA and found that they were also recognized by EF-Tu2 (data not shown). Each of these mutations destroys one of the conserved tertiary interactions between the D and T arms, suggesting EF-Tu2 can interact with the unique region around positions 49 and 50 when the interaction between the D and T arms (or the T arm-neighbouring nucleoside [position 48]) is weakened.
Role played by the C-terminal extension of EF-Tu2 in tRNA recognition
The unique aa-tRNA recognition features of EF-Tu2 shown in Figure 1 and 2 could be attributed to the C-terminal extension of EF-Tu2. If this is the case, any deletion of this C-terminal extension would impair the aa-tRNA-binding activity of EFTu2. To test this, we performed the hydrolysis protection assay to assess the aa-tRNA-binding activities of EF-Tu2 deletion mutants (Figure 3 ) using A.suum mt Ser-tRNA Ser UCU or bovine mt Ser-tRNA Ser GCU ( Figure 4A, C) . The acceptor stem of A.suum -E) , deacylation-protection assay using wild-type tRNA Ser (A), transcribed tRNA Ser (B), the G15-deletion mutant (C), the C48-deletion mutant (D), and the G15A mutant (E). These assays were performed in the presence of C.elegans mt EF-Tu2 (square) or E.coli EF-Tu (triangle) and in the absence of either EF-Tu (diamond). In this assay, the protection of Ser-tRNA from hydrolysis reflects its EF-Tu-binding ability (20) . (F), the secondary structure of E.coli tRNA Figure 4E ). This mutation did not affect interaction with EF-Tu2 because wild-type EF-Tu2 bound to the mutated Ser-tRNA as well as the Ser-tRNA with the original sequence as described in (14) . EF-Tu2 lacking seven amino acids [(-)7 aa] did not bind to either Ser-tRNA, unlike the mutant lacking three amino acids [(-)3 aa]. This indicates that the seven amino acids of the C-terminus are important for the binding of EF-Tu2 to Ser-tRNA.
To identify the residues in the C-terminal extension of EF-Tu2 that are important for its aa-tRNA-binding activity, we examined the aa-tRNA-binding activities of the K429A, K433A, K434A and K438A mutants of EF-Tu2 (Figure 3) . In these mutants, each of the four lysine residues in the C-terminal extension was mutated to alanine. This is because it seems that basic residues are the most important RNAbinding sites. The K429A and K434A mutants bound to the Ser-tRNA with similar efficiency as wild-type EF-Tu2, but the K433A and K438A mutants bound more weakly ( Figure 4B and D). Thus, K433 and K438 appear to be important in the aa-tRNA recognition of EF-Tu2.
We found that all EF-Tu2 mutants bound to C.elegans EF-Ts (data not shown). This suggests that the mutants have a tertiary structure similar to the wild-type EF-Tu protein apart from the mutated or deleted region(s).
DISCUSSION
Based on our observations, the mechanism by which C.elegans mt EF-Tu2 recognizes Ser-tRNA can be summarized as follows ( Figure 5 ). (i) EF-Tu2 interacts not only with the side of the acceptor and T stems that are also recognized by the canonical EF-Tu molecules, but it also interacts with the opposite side of the T stem (the 3 0 -phosphate of positions 49 and 50), which canonical EF-Tu molecules do not contact, (ii) while 'the lack of a D arm' on the tRNA is not necessary for EF-Tu2 binding, if the tRNA has a D arm, the T arm (or its 5 0 -side nucleoside at position 48) and the D arm should have only a weak tertiary interaction, (iii) at least seven amino acid residues of the C-terminal extension of EF-Tu2 are essential for its aa-tRNA recognition ability. In particular, the C-terminal extension residues K433 and K438 are likely to be involved in this recognition event.
Why EF-Tu2 binds weakly only to wild-type E.coli SertRNA Ser while strongly recognizing its G15 deletion, C48 deletion and G15A substitution mutants (Figure 2 Ser , as the T stem of these tRNAs is free from such impeding tertiary interactions (26, 27) .
We initially speculated that EF-Tu2 may either recognize the D arm-replacement loop or a certain region that is normally masked by the D arm. The present study supports the latter case since we have observed that Ser-tRNAs bearing a D arm (but whose interaction with the T arm is weak) can actually bind to EF-Tu2 ( Figure 2C-E) .
The binding of EF-Tu2 to the tRNA acceptor stem was not apparent from the modification interference assay (Figure 1) because it is difficult to analyze the effects of modifying the 5 0 -and 3 0 -regions of the tRNA by this experiment, as has been described in (22, 24) . However, EF-Tu2 seems to bind to the acceptor stem in a similar manner to that of the canonical EFTu, as determined by co-crystallographic analyses of canonical EF-Tu/GTP/aa-tRNA (3, 4) , since the residues of EF-Tu2 and canonical EF-Tu that interact with the acceptor stem are highly conserved (14) . Bacterial EF-Tu and EF-Tu2 are $70% identical with regard to the residues that interact with the acceptor stem, and the basic residues (K52, R59, K90 and R300 in T.aquaticus EF-Tu) that are known to interact directly with the tRNA backbone (3, 4) are almost identical.
Most of the T stem-interacting residues on canonical EF-Tu molecules are not conserved in nematode mt EF-Tu2 (14) as domain 3 of T.thermophilus EF-Tu, which is known to contain the residues that interact with the T arm (3), and is only $30% identical to the equivalent domain in nematode mt EF-Tu2. This low homology may be responsible for the different ENU interference patterns around the T stem exhibited by EF-Tu2 and the canonical EF-Tu (Figure 1 ).
It seems that there is no mechanism that allows EF-Tu2 to recognize tRNA in a nucleotide specific manner. Among the sequences of tRNAs Ser that could bind to EF-Tu2, there are no conserved residues except for U33 and A37 (Supplementary Figure 3) . It is evident that EF-Tu2 cannot interact with the anticodon loop because the anticodon loop is too far from the acceptor and T stems with which canonical EF-Tu interacts. Thus, it appears that EF-Tu2 recognizes tRNA only in a structure specific manner, not in a nucleotide specific manner.
The unique aa-tRNA recognition mechanism of EF-Tu2 is probably due to its 17 amino acid C-terminal extension, which is one of the characteristic features of nematode mt EF-Tu2. It is unlikely that domains 1-2 of EF-Tu2, which are similar to the canonical EF-Tu, interact with positions 49 and 50 of the tRNA. Rather, the C-terminal extension is probably responsible for interacting with those positions. Supporting this is that the crystal structure of bovine mt EF-Tu has shown its C-terminal 11 amino acid extension has a helical structure, and it has been suggested that this extension may interact with the tRNA (at position 47 on the tRNA) (18). Although we found ENU-modification of this position and its vicinity did not interfere with the binding of bovine mt EF-Tu ( Figure 1C) , it is still possible that the extension interacts with position 47 or its vicinity in such a manner that is unaffected by ethylation of the phosphate group. Further supporting the notion that the C-terminal extension of nematode EF-Tu2 is probably responsible for interacting with positions 49 and 50 of the tRNA is that it is longer than the bovine mt EF-Tu extension, which suggests that it is more capable of reaching the tRNA. Moreover, secondary structure prediction programs (28, 29) indicate that the C-terminal extension of EF-Tu2 is also an a-helix, which suggests that the EF-Tu2 C-terminus may point in the same direction towards the tRNA as the C-terminus of bovine mt EF-Tu observed in its crystal structure (18) . Finally, our results using the deletion mutants of EF-Tu2 (Figure 4 ) strongly indicates that its C-terminal seven residues are essential for its recognition of aa-tRNA. Thus, it is highly probable that the C-terminus of EF-Tu2 binds to a unique region that cannot be bound by normal EF-Tu molecules. Notably, since many EF-1a have a C-terminal extension (relative to bacterial EF-Tu sequences), including several lysine residues, the C-terminal residues of eEF-1a may also interact with tRNA, as has been described previously by Andersen et al. (18) .
Since modification of the 3 0 -phosphates of positions 49 and 65 in tRNA interfered with EF-Tu2 binding ( Figure 1D ), it appears that EF-Tu2 holds the root of the T stem, probably by using domain 3 and its C-terminal extension. This unique binding mechanism may be the result of co-evolution between nematode mt EF-Tu2 and tRNA
Ser that compensates for the short T arm and lack of D arm of this tRNA. It appears that the binding of nematode mt EF-Tu1 to T-armless aa-tRNA follow a similar mechanism as EF-Tu2, as we have found EF-Tu1 needs its C-terminal 57 amino acid extension for recognizing T-armless tRNA (13) (Sakurai et al., in preparation). These findings suggest mt RNA-binding proteins encoded by the nuclear genome may become enlarged to compensate for the truncation of their mt genome-encoded cognate RNA species; this ultimately aids the function of mt RNAs in the mitochondrial biosynthesis system. Further studies of truncated tRNAs may be valuable in supporting the RNA world hypothesis, which needs evidence showing that the structure and function of RNAs can be substituted during evolution by proteins. Ser that bears a short T arm (left). GTP is omitted. EF-Tu is shown as a set of circles, each of which corresponds to the domain numbered in order. The tRNAs are portrayed as simplified backbones with the aminoacyl moiety at the 3 0 -terminus depicted by filled circles. The location of the C-terminal extension in EF-Tu2 is predicted from the results shown in Figure 1 and 2.
